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Abstract. The Ball–Berry stomatal conductance model is
commonly used in earth system models to simulate biotic
regulation of evapotranspiration. However, the dependence
of stomatal conductance (gs) on vapor pressure deﬁcit (Ds)
and soil moisture must be empirically parameterized. We
evaluatedtheBall–BerrymodelusedintheCommunityLand
Model version 4.5 (CLM4.5) and an alternative stomatal
conductance model that links leaf gas exchange, plant hy-
draulic constraints, and the soil–plant–atmosphere contin-
uum (SPA). The SPA model simulates stomatal conductance
numerically by (1) optimizing photosynthetic carbon gain
per unit water loss while (2) constraining stomatal opening
to prevent leaf water potential from dropping below a critical
minimum. We evaluated two optimization algorithms: intrin-
sic water-use efﬁciency (1An/1gs, the marginal carbon gain
of stomatal opening) and water-use efﬁciency (1An/1El,
the marginal carbon gain of transpiration water loss). We im-
plemented the stomatal models in a multi-layer plant canopy
model to resolve proﬁles of gas exchange, leaf water poten-
tial, and plant hydraulics within the canopy, and evaluated
the simulations using leaf analyses, eddy covariance ﬂuxes at
six forest sites, and parameter sensitivity analyses. The pri-
mary differences among stomatal models relate to soil mois-
ture stress and vapor pressure deﬁcit responses. Without soil
moisture stress, the performance of the SPA stomatal model
was comparable to or slightly better than the CLM Ball–
Berry model in ﬂux tower simulations, but was signiﬁcantly
better than the CLM Ball–Berry model when there was soil
moisture stress. Functional dependence of gs on soil mois-
ture emerged from water ﬂow along the soil-to-leaf pathway
rather than being imposed a priori, as in the CLM Ball–Berry
model. Similar functional dependence of gs on Ds emerged
from the 1An/1El optimization, but not the 1An/1gs op-
timization. Two parameters (stomatal efﬁciency and root hy-
draulic conductivity) minimized errors with the SPA stom-
atal model. The critical stomatal efﬁciency for optimization
(ι) gave results consistent with relationships between maxi-
mum An and gs seen in leaf trait data sets and is related to the
slope (g1) of the Ball–Berry model. Root hydraulic conduc-
tivity (R∗
r ) was consistent with estimates from literature sur-
veys.ThetwocentralconceptsembodiedintheSPAstomatal
model, that plants account for both water-use efﬁciency and
for hydraulic safety in regulating stomatal conductance, im-
ply a notion of optimal plant strategies and provide testable
model hypotheses, rather than empirical descriptions of plant
behavior.
1 Introduction
The empirical Ball–Berry stomatal conductance model (Ball
et al., 1987; Collatz et al., 1991) combined with the Farquhar
et al. (1980) photosynthesis model was introduced into the
land component of climate models in the mid-1990s (Bonan,
1995; Sellers et al., 1996; Cox et al. 1998). The stomatal
conductance model is based on observations showing that
for a given relative humidity (hs), stomatal conductance (gs)
scales with the ratio of assimilation (An) to CO2 concentra-
tion (cs), such that gs = g0 +g1hsAn/cs. The model is now
commonly used in land surface models for climate simula-
tion.
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Part of the scientiﬁc debate about the Ball–Berry model
has concerned the decline in stomatal conductance to prevent
leaf desiccation with high vapor pressure deﬁcit or low soil
moisture. The Ball–Berry model uses a fractional humidity at
the leaf surface, hs = es/e∗(Tl) = 1−Ds/e∗(Tl), with es the
vapor pressure at the leaf surface, e∗(Tl) the saturation vapor
pressure at the leaf temperature, and Ds = e∗(Tl)−es the va-
por pressure deﬁcit. Leuning (1995) modiﬁed the model to
replace hs with (1+Ds/D0)−1, where Ds is scaled by the
empirical parameter D0. Katul et al. (2009) and Medlyn et
al. (2011b) derived a dependence of gs on D
−1/2
s based on
water-use efﬁciency optimization. An additional challenge is
how to represent stomatal closure as soil moisture declines.
Various empirical functions directly impose diffusive limi-
tations in response to soil drying by decreasing the slope
parameter (g1) or they impose biochemical limitations and
decrease gs by reducing An as soil water stress increases.
Neither method completely replicates observed stomatal re-
sponses to soil water stress (Egea et al., 2011; De Kauwe
et al., 2013), and there is uncertainty about the form of the
soil water stress function (Verhoef and Egea, 2014). Some
evidence suggests that both diffusive and biochemical limi-
tations must be considered (Zhou et al., 2013).
An alternative to the Ball–Berry model represents gs di-
rectly from optimization theory. This theory assumes that
the physiology of stomata has evolved to constrain the rate
of transpiration water loss (El) for a given unit of carbon
gain (An) (Cowan, 1977; Cowan and Farquhar, 1977). This
optimization can be achieved by assuming that gs varies to
maintain water-use efﬁciency constant over some time pe-
riod (formally this means that ∂An/∂El =constant; note that
Cowan (1977) and Cowan and Farquhar (1977) discussed op-
timization in the context of the marginal water cost of carbon
gain, ∂El/∂An). The empirical Ball–Berry model, despite
not being constructed explicitly as an optimality model, is
consistent with this theory. Variants of the model can be de-
rived from the Farquhar et al. (1980) photosynthesis model
based on water-use efﬁciency optimization, after some sim-
plifying assumptions, but the form and complexity of the
stomatal model varies among Rubisco-limited (Katul et al.,
2010), light-limited (Medlyn et al., 2011b), or co-limited
(Vico et al., 2013) rates. For example, Medlyn et al. (2011b)
obtained gs = g0 +1.6(1+g1D
−1/2
s )An/cs when photosyn-
thesis is light-limited. However, water-use efﬁciency opti-
mization does not by itself account for stomatal closure with
soil moisture stress.
Additional understanding of stomatal behavior comes
from the transport of water through the soil–plant–
atmosphere continuum, based on the principle that plants re-
duce stomatal conductance as needed to regulate transpira-
tion and prevent hydraulic failure (Sperry et al., 1998, 2002).
Water ﬂows down potential gradients from the soil matrix
to the leaf epidermis, maintained by water loss through the
stomata. The rate of ﬂow is proportional to the conductance
oftheentiresoil-to-leafpath,whichisafunctionofsoilprop-
erties, plant hydraulic architecture, xylem construction, and
leaf conductances. Rates of water loss from a leaf cannot, on
average, exceed the rate of supply without resulting in des-
iccation (Meinzer, 2002). Thus, the collective architecture of
the soil and plant hydraulic systems controls the maximum
rate of water use, and it is widely accepted that there is a
limit to the maximum rate of water transport under a given
set of hydraulic circumstances. If additional suction beyond
this point is applied to the continuum, rates of water sup-
ply decline, leading to desiccation in the absence of stomatal
control (Sperry et al., 1998, 2002). Signiﬁcant evidence has
accumulated that stomatal conductance and leaf water con-
tent are strongly linked to plant and soil hydraulic architec-
ture (Mencuccini, 2003; Choat et al., 2012; Manzoni et al.,
2013).
Many models of plant hydraulic architecture exist that ex-
plicitly represent the movement of water to and from the
leaf (McDowell et al., 2013). Similarly, numerical stomatal
conductance models have been devised based on principles
of water-use efﬁciency optimization and hydraulic safety
(Friend, 1995; Williams et al., 1996). Despite this, efforts
to account for the coupled physics and physiology of wa-
ter transport along the soil–plant–atmosphere continuum in
the land surface models used with earth system models have
been limited.
Here, we adopted (and modiﬁed) the stomatal opti-
mization used by the soil–plant–atmosphere model (SPA;
Williams et al., 1996, 2001a), which combines both water-
use efﬁciency and a representation of the dynamics of leaf
water potential in the same framework. The SPA model pro-
vides a numerical water-use efﬁciency optimization within
the constraints of soil-to-leaf water ﬂow. Stomatal conduc-
tance is calculated such that further opening does not yield
a sufﬁcient carbon gain per unit water loss (deﬁned by the
stomatal efﬁciency parameter ι) or further opening causes
leaf water potential to decrease below a minimum sustain-
able leaf water potential (ψlmin). The model is therefore an
optimality model with two distinct criteria (water-use efﬁ-
ciency and hydraulic safety).
We compared the stomatal conductance models and tested
whether the performance of the alternative models can be
distinguished in comparisons of model simulations with
eddy covariance ﬂux tower data. First, we tested the Ball–
Berry stomatal conductance model used in the Commu-
nity Land Model version 4.5 (CLM4.5), the land compo-
nent of the Community Earth System Model. Second, we
testedtheoriginalSPAparameterization,whichoptimizesin-
trinsic water-use efﬁciency (iWUE; 1An/1gs, the marginal
carbon gain of stomatal opening). In that approach, stom-
atal response to Ds emerges only from stomatal closure
with low leaf water potential. Third, we additionally tested
the Cowan (1977) and Cowan and Farquhar (1977) water-
use efﬁciency optimization (WUE; 1An/1El, the marginal
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carbon gain of water loss) in the SPA framework. This opti-
mization includes a direct stomatal response to Ds.
2 Methods
We evaluated the stomatal models in a common canopy mod-
eling framework at 6 AmeriFlux forest sites comprising a to-
tal of 51 site-years. The canopy model was forced with gap-
ﬁlled tower meteorology from the North American Carbon
Program (NACP) site synthesis (Schaefer et al., 2012). We
compared the simulations with tower net radiation (Rn), sen-
sible heat ﬂux (H), latent heat ﬂux (λE), and gross primary
production (GPP). Rn, H, and λE were obtained from the
AmeriFlux Level 2 data set. None of these ﬂuxes were gap-
ﬁlled. Gross primary production was from the NACP site
synthesis (Schaefer et al., 2012). The same meteorological
data and tower ﬂuxes for these six sites were used in the de-
velopment of CLM4.5 (Oleson et al., 2013).
2.1 Flux tower sites
The six AmeriFlux sites represented three deciduous
broadleaf forests (DBF) and three evergreen needleleaf
forests (ENF) spanning a range of climates (Table 1). Site
descriptions were taken from published literature (Table 2):
1. US-Ha1is a mixed-species temperate deciduous forest
located at Harvard Forest in central Massachusetts (Ur-
banski et al., 2007). The climate is temperate continen-
tal with warm summers (Köppen climate Dfb).
2. US-MMS is a mixed-species temperate deciduous for-
est located at the Morgan Monroe State Forest in south-
central Indiana (Schmid et al., 2000). The climate is hu-
mid subtropical (Köppen climate Cfa).
3. US-UMB is a mixed-species northern hardwood forest
located at the University of Michigan Biological Station
(Schmid et al., 2003). The climate is temperate conti-
nental with warm summers (Köppen climate Dfb).
4. US-Dk3 is a loblolly pine plantation located at the Duke
Forest in North Carolina (Siqueira et al., 2006; Stoy et
al., 2006). The climate is humid subtropical (Köppen
climate Cfa). The years 2001 and 2002 had mild and
severe drought, respectively.
5. US-Ho1 is a mixed-species evergreen needleleaf forest
located at Howland Forest in Maine (Hollinger et al.,
1999). The climate is temperate continental with warm
summers (Köppen climate Dfb).
6. US-Me2 is the Metolius intermediate-aged ponderosa
pine forest in central Oregon (Thomas et al., 2009).
The climate is dry-summer subtropical (Köppen climate
Csb). The years 2002–2003 were anomalously dry and
2006 was anomalously wet.
2.2 Model formulation
Many of the sites used in this study have high leaf area index
(>4m2 m−2) and highly contrasting radiative environments
through the canopy. As a result, leaf assimilation, stomatal
conductance, transpiration, and leaf water potential have ver-
tical gradients within the canopy. The SPA stomatal conduc-
tance optimization is numerical and cannot be resolved arith-
metically in the manner of a “big leaf” approximation that
is integrated over the canopy. Therefore, we simulated the
leaf water potential state and all leaf ﬂuxes at multiple layers
throughout the canopy.
We used a multi-layer canopy model (Fig. 1), similar
to CANVEG (Baldocchi and Meyers, 1998; Baldocchi and
Wilson, 2001; Baldocchi et al., 2002) and SPA (Williams
et al., 1996, 2001a) but adapted for CLM4.5, to evaluate
the stomatal models. The multi-layer model combines infor-
mation about plant canopy structure, radiative transfer, leaf
physiology and gas exchange, and the canopy microenviron-
ment to simulate scalar ﬂux exchanges with the atmosphere.
It builds upon the canopy model of Bonan et al. (2011, 2012),
but also utilizes the functionality of CLM4.5 (for canopy tur-
bulence and model parameter values; Oleson et al., 2013).
Within this model structure, we implemented the CLM vari-
ant of the Ball–Berry model (hereafter denoted CLM-BB)
and the SPA-based stomatal models.
The canopy is divided into multiple leaf layers, each with a
sunlit and shaded fraction. Radiative transfer of visible, near-
infrared, and longwave radiation is calculated at each layer,
accounting for scattering within the canopy (Fig. 1a). Pho-
tosynthesis, stomatal conductance, leaf temperature, and the
leaf energy balance are coupled at each layer (Fig. 1b). The
CLM-BB model requires an iterative calculation of gs and
An, because photosynthetic parameters vary with leaf tem-
perature and leaf temperature varies with transpiration rate
(Fig. 2a). The SPA stomatal optimization also uses an in-
teractive solution to calculate gs for each canopy layer to
maximize An within the limitations imposed by water-use
efﬁciency, plant water storage, and soil-to-leaf water trans-
port (Fig. 2b). Stomatal conductance is numerically solved
at each model time step (30–60min depending on frequency
of ﬂux tower data) such that (1) further opening does not
yield a sufﬁcient carbon gain per unit water loss (deﬁned by
astomatalefﬁciencyparameter)or(2)furtheropeningcauses
leaf water potential (ψl) to decrease below a minimum value
(ψlmin). Leaf water potential and water supply to foliage are
calculated from a soil–plant–atmosphere continuum theory
basedonleaftranspirationrate(El),soilwaterpotential(ψs),
plant capacitance (Cp), and the hydraulic conductance of the
soil-to-leaf pathway (kL). This conductance integrates in se-
ries the aboveground stem conductance (kp) and the below-
ground conductance deﬁned by a soil-to-root conductance
(ks) and a root-to-stem conductance (kr) within each soil
layer (Fig. 1c). Plant conductances are static, but the soil-to-
root conductance is a function of soil hydraulic conductivity
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Table 1. Site information for the three deciduous broadleaf forest (DBF) and three evergreen needleleaf forest (ENF) ﬂux towers, including
mean annual temperature (MAT) and annual precipitation (Prec).
Site Forest type Latitude Longitude MAT (◦C) Prec (mm) Years Frequency
US-Ha1 DBF 42.54 −72.17 6.6 1071 1992–2006 60min
US-MMS DBF 39.32 −86.41 10.8 1032 1999–2006 60min
US-UMB DBF 45.56 −84.71 5.8 803 1999–2006 60min
US-Dk3 ENF 35.98 −79.09 14.4 1170 2000–2004 30min
US-Ho1 ENF 45.20 −68.74 5.3 1070 1996–2004 30min
US-Me2 ENF 44.45 −121.56 6.3 523 2002–2007 30min
Table 2. Species composition, leaf area index, canopy height, tower height, and soil texture taken from site descriptions of each ﬂux tower.
Tower Species Leaf area index Canopy Tower Soil
(m2 m−2) height (m) height (m) texture
US-Ha1 Red oak (Quercus rubra), red maple (Acer rubrum) 4.5–5.5 23 30 Loam
US-MMS Sugar maple (Acer saccharum), tulip poplar (Lirioden-
dron tulipifera), sassafras (Sassafras albidum), white
oak (Quercus alba), black oak (Quercus nigra)
4.6 27 48 Clay
US-UMB Bigtooth aspen (Populus grandidentata) and quaking
aspen (Populus tremuloides), with red maple (Acer
rubrum), red oak (Quercus rubra), paper birch (Betula
papyrifera), and beech (Fagus grandifolia)
4.2 21 46 Sand
US-Dk3 Loblolly pine (Pinus taeda) 4.2 19 22 Sandy loam
US-Ho1 Red spruce (Picea rubens), eastern hemlock (Tsuga
canadensis)
5 20 29 Sandy loam
US-Me2 Ponderosa pine (Pinus ponderosa) 2.8 14 32 Sandy loam
andthedensityoftherootmatrix.Thefullmodelisdescribed
in Appendix A.
The SPA model deﬁnes the critical stomatal efﬁciency
for optimization based on intrinsic water-use efﬁciency (ι∗;
1An/1gs). An alternative stomatal efﬁciency is deﬁned by
water-use efﬁciency (ι; 1An/1El). This latter approach fol-
lows Cowan (1977) and Cowan and Farquhar (1977), with
ι the inverse of their optimization parameter lambda (based
on ∂El/∂An, the marginal water cost of carbon gain). ι is
related to ι∗ by vapor pressure deﬁcit (ι∗ = ιDs), as given
by Eq. (A18). The model solves for gs such that a small in-
crement (1gs = 1mmolH2Om−2 s−1) changes leaf assim-
ilation by 1An ≤ ι∗1gs (iWUE optimization) or 1An ≤
ιDs1gs (WUE optimization) with the constraint that ψl >
ψlmin. We tested both optimizations, designated SPA-iWUE
and SPA-WUE, respectively.
2.3 Model parameters
Table 3 lists parameters speciﬁed by plant functional type,
and Table 4 lists site-speciﬁc parameters. Plant functional
type parameters are from CLM4.5, except for the SPA
stomatal model. A key parameter is the maximum car-
boxylation rate at 25 ◦C (Vcmax25). We used values from
Kattge et al. (2009), also used in the simulations of Bonan
et al. (2011, 2012), which are generally consistent with
site-speciﬁc estimates calculated from observed foliage ni-
trogen (Table 5). The largest deviation is for US-UMB and
US-Me2,wherethemodelVcmax25 islargerthantheobserva-
tionally based estimate. Values for additional photosynthetic
metabolic parameters (Jmax25 and Rd25) are proportional to
Vcmax25. The SPA stomatal optimization requires four ad-
ditional physiological parameters that describe plant water
relations (ψlmin, Cp, kp, and ι) and four parameters for ﬁne
roots needed to calculate the belowground conductance (MT,
rr, rd, and R∗
r ).
2.3.1 Minimum leaf water potential
Values of ψlmin vary greatly among plant types, particularly
in arid environments (Choat et al., 2012). We used ψlmin =
−2MPa, which reﬂects values typically found in closed for-
est canopies. This is similar to values used in previous SPA
simulations for arctic ecosystems and black spruce boreal
forest (−1.5MPa; Williams et al., 2000; Hill et al., 2011),
ponderosa pine (−1.7 to −2.0MPa; Williams et al., 2001a, b;
Schwarz et al., 2004), deciduous forest (−2.5MPa; Williams
et al., 1996), tropical rainforest (−2.5MPa; Williams et
al., 1998; Fisher et al., 2007), and Australian woodland
(−2.8MPa; Zeppel et al., 2008).
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Figure 1. Overview of the main processes in the canopy model. The canopy is represented by n leaf layers with layer i +1 above layer i.
(a) Diffuse and direct solar radiation for layer i +1. Diffuse radiation passes through the layer, proportional to τd. The intercepted fraction
(1−τd) is scattered forward (τl), scattered backward (ρl), or absorbed (1−ωl; ωl = τl+ρl). The intercepted direct beam (1−τb) is similarly
absorbed or scattered. Longwave radiation is similar to diffuse radiation, with ωl = 1−εl and the intercepted longwave radiation is reﬂected
(ρl = ωl, τl = 0). (b) Leaf sensible heat, transpiration, and CO2 ﬂuxes. Leaf temperature (Tl) is the temperature that balances the energy
budget. Sensible heat is exchanged from both sides of the leaf, proportional to the leaf boundary layer conductance (gbh) and the temperature
gradient with air (Tl −Ta). Water vapor is lost from the stomatal cavity to air, proportional to the vapor pressure deﬁcit (e∗(Tl)−ea) and
stomatal (gs) and boundary layer (gbv) conductances in series. CO2 similarly diffuses from the canopy air into the stomata, proportional
to the gradient ca −ci. (c) Soil water uptake by a canopy layer. Each canopy layer has an aboveground plant stem conductance (kp) and a
capacitance (Cp). Multiple root layers occur in parallel with a conductance comprised of soil (ks) and root (kr) components in series. The
soil conductance varies with soil water potential (ψs). (d) Soil energy balance and heat ﬂow. Sensible heat, latent heat, and soil heat ﬂuxes
depend on ground temperature (Tg). The soil heat ﬂux is transferred within the soil proﬁle using a Crank–Nicolson formulation with soil heat
ﬂux as the upper boundary condition and soil heat capacity and thermal conductivity speciﬁed from soil texture, mineralogical properties,
and soil water. Appendix A provides the full equation set.
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Figure 2. Flow diagram of leaf ﬂux calculations using (a) the Ball–Berry model and (b) the SPA stomatal optimization. In both approaches,
numerical methods are used to efﬁciently solve for gs. The SPA optimization is shown for water-use efﬁciency (1An/1El). The same
approach is used for intrinsic water-use efﬁciency (1An/1gs).
2.3.2 Plant capacitance
Plant capacitance controls the timing of water use throughout
theday.Highvaluesmeanthatthereisalargebuffer(storage)
at the beginning of the day, before (in dry soils) water use
is ultimately limited to the rate of supply directly from the
soil. We used Cp = 2500mmolH2Om−2 leaf areaMPa−1.
Previous SPA simulations used a range of values for black
spruce boreal forest (2000; Hill et al., 2011), tropical rainfor-
est (2300; Fisher et al., 2007; derived from Goldstein et al.,
1998), Australian woodland (5000; Zeppel et al., 2008), and
deciduous and tropical forest (8000; Williams et al., 1996,
1998).
2.3.3 Plant hydraulic conductance
The SPA model assumes a constant plant conductance to
water. This is a simpliﬁcation compared to more complex
models that diagnose changes in conductance caused by
xylem embolism under tension (Sperry et al., 2002; McDow-
ell et al., 2013). However, previous analyses suggest that
the majority of soil-to-leaf resistance is belowground (Fisher
et al., 2007) and also that the soil-to-root resistance pro-
vides an adequate explanation of the variability in observed
soil-to-leaf resistance (Williams et al., 2001a; Zeppel et al.,
2008). Previous SPA simulations used stem hydraulic con-
ductivity (not conductance) with a range of values of 3.5–
100mmolH2Om−1 s−1 MPa−1 (Williams et al., 1996, 1998,
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Table 3. Model parameter values for evergreen needleleaf forest (ENF) and deciduous broadleaf forest (DBF) plant functional types. Param-
eter values are from CLM4.5 (Oleson et al., 2013), except for the stomatal optimization (as described in the text).
Symbol Description Units ENF DBF
Vcmax25 Maximum carboxylation rate at 25◦C µmolm−2 s−1 62.5 57.7
ρl Leaf reﬂectance (vis, nir) – 0.07, 0.35 0.10, 0.45
τl Leaf transmittance (vis, nir) – 0.05, 0.10 0.05, 0.25
χl Departure of leaf angle from spherical orienta-
tion
– 0.01 0.25
εl Leaf emissivity – 0.98 0.98
dl Leaf dimension m 0.04 0.04
ra CLM4.5 rooting distribution parameter m−1 7 6
rb CLM4.5 rooting distribution parameter m−1 2 2
Ball–Berry
g0 Minimum leaf conductance molH2Om−2 s−1 0.01 0.01
g1 Slope parameter – 9 9
ψc Soil water potential for stomatal closure mm −255000 −224000
ψo Soil water potential at which stomata are fully
open
mm −66000 −35000
SPA optimization
ψlmin Minimum leaf water potential MPa −2 −2
kp Leaf-speciﬁc stem hydraulic conductance mmolH2Om−2 leaf areas−1 MPa−1 4 4
Cp Plant capacitance mmolH2Om−2 leaf areaMPa−1 2500 2500
ι∗,ι Stomatal efﬁciency
(1An/1gs, 1An/1El)
µmolCO2 mol−1 H2O 15, 1500a 7.5, 750
MT Fine root biomass gm−2 500 500
rr Fine root radius m 0.29×10−3 0.29×10−3
rd Speciﬁc root density (ﬁne root) gbiomassm−3 root 0.31×106 0.31×106
R∗
r Fine root hydraulic resistivity MPasgmmol−1 H2O 25b 25
a Except for US-Dk3, which used the DBF values. We also tested the lower values used for DBF. b We also tested a value of 75 for ENF.
Table 4. Site-speciﬁc model input. The model additionally uses the
canopy height, plant functional type, and soil texture at each tower
site.
Symbol Description Units Source
zref Tower reference height m Tower
Tref Air temperature K Tower
eref Vapor pressure Pa Tower
uref Wind speed ms−1 Tower
cref CO2 concentration µmolmol−1 CLM4.5
Pref Air pressure Pa Tower
S ↓ Solar radiation Wm−2 Tower
fdif Diffuse fraction – CLM4.5
Z Solar zenith angle – CLM4.5
L ↓ Longwave radiation Wm−2 Tower
βt Soil wetness factor – CLM4.5
θj Volumetric soil water m3 m−3 CLM4.5
LT Leaf area index m2 m−2 CLM4.5
2001a, b; Schwarz et al., 2004; Zeppel et al., 2008; Hill et
al., 2011). In contrast, we used a leaf-speciﬁc stem hydraulic
conductance kp = 4mmolH2Om−2 leaf areas−1 MPa−1, es-
timated from stem, root, and whole-plant conductance re-
ported in the literature as follows below.
Our value for kp is consistent with observational es-
timates of stem conductance. Yang and Tyree (1994)
reported leaf-speciﬁc stem conductance values of 1.4–
2.8mmolH2Om−2 s−1 MPa−1 for large maple trees
(Acer saccharum, Acer rubrum). Tyree et al. (1998)
reported 1–4mmolH2Om−2 s−1 MPa−1 for tropical
tree seedlings. Tyree et al. (1993) found a value of
7mmolH2Om−2 s−1 MPa−1 for walnut (Juglans regia)
saplings.
Our estimate of leaf-speciﬁc stem conductance (kp) gives
a leaf-speciﬁc whole-plant (soil-to-leaf) conductance (kL)
that is consistent with ﬁeld estimates. A stem conductance
kp = 4mmolH2Om−2 s−1 MPa−1 gives a whole-plant con-
ductance kL = 2mmolH2Om−2 s−1 MPa−1 for moist soil
with neglibile soil resistance, if root and stem conductances
are equal. Duursma and Medlyn (2012) used this value for kL
in the MAESPA model. Various estimates of kL reported in
the literature are 1.1mmolH2Om−2 s−1 MPa−1 for loblolly
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Table 5. Site vegetation parameters used in the model simulations.
Vcmax25 Leaf area index (LAI)
Site Foliage N (% by mass) Observedc CLM4.5d Observed CLM4.5
US-Ha1 1.97a 50.4 57.7 5.1a 4.9
1.95b 49.9 4.9b
US-MMS 2.22a 56.0 57.7 4.6a 4.7
2.06b 52.4 4.9b
US-UMB 1.76a 45.6 57.7 4.2a 4.2
US-Dk3 1.19a 59.9 62.5 4.2a 4.7
1.47b 72.5 4.5b
US-Ho1 1.06a 54.0 62.5 5.2a 4.6
1.16b 58.5 5.7b
US-Me2 0.93a 48.2 62.5 2.8a 3.8
a Observations from AmeriFlux Level 2 biological, ancillary, disturbance and metadata. b Observations from Ollinger et
al. (2008). c Estimated using empirical relationships between Narea and Vcmax25 from the TRY leaf trait database (Kattge
et al., 2009) with observed foliage N converted from Nmass to Narea using the mean leaf mass per unit area (LMA) for
temperate forest trees reported in the Glopnet leaf trait database (Wright et al., 2004). DBF, n = 191, LMA=76gm−2.
ENF, n = 18, LMA=248gm−2. d Oleson et al. (2013), using the mean values of Kattge et al. (2009).
pine (Pinus taeda) in North Carolina (Ewers et al., 2000);
on the order of 0.5–1 for aspen (Populus tremuloides) and
black spruce (Picea mariana) and 6–11 for jack pine (Pinus
banksiana) boreal forest in Manitoba, Canada (Ewers et al.,
2005); 1–10 for tropical trees (Meinzer et al., 1995); and 6
for Betula occidentalis in the ﬁeld (Saliendra et al., 1995).
Few studies report the root portion of whole-plant conduc-
tance. Studies of walnut (Tyree et al., 1994) and tropical tree
seedlings (Tyree et al., 1998) found approximately equal root
and stem conductances. Federer et al. (2003) assumed equal
root and stem conductances in their model.
2.3.4 Stomatal efﬁciency
Thestomatalefﬁciencyparameterdeﬁnesthewater-usestrat-
egy (Williams et al., 1996). Low values, with a low marginal
carbon gain, optimize at high An, high gs, and high El; con-
sequently, plant water storage can be depleted, causing stom-
ata to close in early-afternoon. Higher values, with a larger
marginal return, describe a more conservative strategy. Opti-
mization is achieved at lower gs, so that An and El are also
lower. This reduces afternoon water stress, but restricts daily
GPP.
We tested two alternative deﬁnitions of stomatal ef-
ﬁciency: ι∗, based on intrinsic water-use efﬁciency
(1An/1gs), as used in SPA (Williams et al., 1996);
and ι, based on water-use efﬁciency (1An/1El). Our base-
line values are ι∗ = 7.5 and ι = 750µmolCO2 mol−1 H2O.
These values give maximum An and gs that are consistent
with observations from the Glopnet leaf trait database
(Wright et al., 2004) and that minimize root mean square
error in canopy-scale simulations. For evergreen needleleaf
forest, we also tested a more conservative water-use strategy,
ι∗ = 15 and ι = 1500µmolCO2 mol−1 H2O.
2.3.5 Root conductance
To calculate the hydraulic conductivity of the soil-to-root
pathway (ks), SPA requires root length density as a ver-
tical proﬁle. In the absence of direct measurements, the
model uses ﬁne root biomass (MT), average ﬁne root ra-
dius (rr), and speciﬁc root density (rd) as inputs. We ob-
tained these for ﬁne roots (≤ 2mm diameter) from Jackson
et al. (1997). Live ﬁne root biomass in temperate decidu-
ous and coniferous forests averages 440 and 500gm−2, re-
spectively. We used MT = 500gm−2. This is comparable to
values of 400–1000gm−2 used in previous SPA simulations
(Williams et al., 2001a; Schwarz et al., 2004; Fisher et al.,
2007; Hill et al., 2011). The mean ﬁne root radius of trees is
rr = 0.29mm and the speciﬁc root length is 12.2mg−1, so
that the speciﬁc root density is r−1
d = 12.2mg−1 ×πr2
r and
rd = 0.31gcm−3. Williams et al. (2001a) used rr = 0.50mm
and rd = 0.50gcm−3 in ponderosa pine simulations.
The root-to-stem conductance (kr) requires a
root hydraulic resistivity (R∗
r ). We used R∗
r =
25MPasgmmol−1 H2O. Shimizu et al. (2005) reported
root hydraulic resistivity values <5MPasgmmol−1 for
saplings of six tropical tree species. Tyree et al. (1998)
reported values of 5–36MPasgmmol−1 for seedlings
of ﬁve tropical tree species. Rieger and Litvin (1999)
reported that root hydraulic conductivity (per unit length)
of several woody plant species ranges from about 0.55–
5.5×10−3 mmolm−1 s−1 MPa−1; this is equivalent to a
resistivity of 15–150MPasgmmol−1 with a speciﬁc root
length of 12.2mg−1. Other SPA simulations used values of
3–400MPasgmmol−1 (Williams et al., 2001a, b; Schwarz
et al., 2004; Zeppel et al., 2008). With ﬁne root biomass
MT = 500gm−2, R∗
r = 25MPasgmmol−1 gives a total
root conductance of 20mmolm−2 ground areas−1 MPa−1,
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or 4mmolm−2 leaf areas−1 MPa−1 in a forest with a leaf
area index of 5m2 m−2. For evergreen needleleaf forest, we
additionally tested R∗
r = 75MPasgmmol−1, obtained from
parameter optimization analysis.
2.4 Model simulations and evaluation
2.4.1 Canopy-scale simulations
We used meteorological observations at the ﬂux tower sites
to drive the canopy model and eddy covariance observations
from those same towers to evaluate the model. The gap-ﬁlled
tower meteorology was available at either 30 or 60min fre-
quency depending on site (Table 4). Similar simulations were
performed to evaluate CLM4.5. Those simulations speciﬁed
CO2 concentration at 367µmolmol−1, which we also used to
allow model comparison. We only used data for the month of
July to evaluate the simulations, to constrain the model with-
out seasonal changes in leaf area or soil water. Our intent
was to use the SPA stomatal conductance model to inform
deﬁciencies in the performance of the CLM4.5 canopy ﬂux
parameterization given speciﬁed soil water. Soil temperature
was initialized from a spin-up simulation that repeated the
July forcing data. Soil moisture inputs were obtained from
CLM4.5 simulations for the tower sites, with the same forc-
ing. The canopy model additionally used the tower height,
canopy height, plant functional type, leaf area index, and soil
texture at each tower site.
Vegetation and soil parameters were from CLM4.5, based
on the vegetation and soil texture of each tower site (Oleson
et al., 2013). A single plant functional type (broadleaf de-
ciduous tree or needleleaf evergreen tree) was used for
each site. Canopy top height (htop) was speciﬁed from the
tower canopy height, and the bottom height (hbot) was ob-
tained using the CLM4.5 ratio of top and bottom heights
(evergreen needleleaf tree, 17/8.5m; deciduous broadleaf
tree, 20/11.5m). Roughness length (z0) and displacement
height (d) were speciﬁed in proportion to canopy height
as in CLM4.5 (z0 = 0.055 htop and d = 0.67 htop). We used
the same leaf area index as in CLM4.5 for the ﬂux tower
sites (Table 5). Those values, obtained from high-resolution
CLM4.5 surface data sets, are comparable to values reported
for July in site syntheses (Table 2) as well as the AmeriFlux
Level 2 data set and Ollinger et al. (2008). The Vcmax25 val-
ues are comparable to values estimated from observed fo-
liage nitrogen at each site (Table 5). The largest discrepancy
is for US-Me2, where leaf area index is 36% too high and
Vcmax25 is 30% too high.
We evaluated the canopy model using ﬂux tower estimates
of Rn, H, λE, and GPP. Flux measurement errors arise from
systematic bias and random errors (Richardson et al., 2012).
We did not correct the data for systematic errors due to fail-
ure in energy balance closure. Other model–data compar-
isons have forced energy balance closure (e.g., Stöckli et
al., 2008), but the reasons for lack of closure are still being
Table 6. Standard deviation of the random ﬂux error, σ(ε), for
forests. σ(ε) scales with the magnitude of the ﬂux (Richardson et
al., 2006, 2012).
σ(ε)
Flux Flux≥0 Flux≤0
H 19.7 + 0.16 H 10.0−0.44 H
λE 15.3 + 0.23 λE 6.2−1.42 λE
debated and include methodological concerns, failure to ac-
count for storage terms, and landscape heterogeneity (Foken,
2008; Hendricks Franssen et al., 2010; Leuning et al., 2012;
Stoy et al., 2013). Random errors in ﬂux measurements oc-
cur because of sampling errors, errors in the instrument sys-
tem, and other factors and can be large (Richardson et al.,
2012). We estimated random errors using the empirical rela-
tionships of Richardson et al. (2006, 2012). The probability
distribution of random ﬂux errors is described by a double-
exponential, or Laplace, distribution. About 76% of the val-
ues drawn from a double-exponential distribution fall within
±1 standard deviation of the mean and 94% fall within ±2
standard deviations. Richardson et al. (2006, 2012) showed
that the standard deviation of the random error, σ(ε), scales
with the magnitude of the ﬂux (Table 6).
For each of the 51 site-years, we performed simulations
with baseline parameter values (Table 3). The SPA model
calculates stomatal conductance using both stomatal efﬁ-
ciency (ι) and hydraulic safety (ψl > ψlmin) as the optimiza-
tion criteria. We repeated the ﬂux tower simulations without
the hydraulic safety constraint to isolate which physiologi-
cal process is most important. In these simulations, stomatal
conductance is only regulated by the stomatal efﬁciency pa-
rameter.
We additionally performed three sets of parameter sen-
sitivity analyses to assess parameter optimization for
the CLM-BB model and the SPA-WUE optimization
model. (1) For the CLM-BB model, we simultane-
ously varied the intercept g0 (0.001–0.1molH2Om−2 s−1)
and the slope parameter g1 (3–15). (2) For the SPA-
WUE model, we simultaneously varied four plant pa-
rameters that affect aboveground plant hydraulics: ψlmin
(−2 to −4MPa), kp (1–20mmolH2Om−2 s−1 MPa−1),
Cp (1000–10000mmolH2Om−2 MPa−1), and ι (500–
1500µmolCO2 mol−1 H2O). (3) In a separate set of simu-
lations with the SPA-WUE model, we simultaneously var-
ied four plant parameters that govern belowground root con-
ductance: MT (400–1000gm−2), rr (0.1–0.5mm), rd (200–
500kgm−3), and R∗
r (10–500MPasgmmol−1 H2O). The
range of parameter values reﬂects the range of values re-
ported in literature and previous modeling studies. We used
latin hypercube sampling to generate a collection of random
parameter values with a sample size of m = 500 points with
n = 2 (CLM-BB) or n = 4 (SPA-WUE) variables.
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(b) ∆An/∆El optimization
(a) ∆An/∆gs optimization
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Figure 3
Figure 3. Leaf assimilation (An, left-hand axis) and leaf tran-
spiration (El, right-hand axis) in relation to imposed values of
stomatal conductance (gs, bottom axis). Panel (a) shows SPA-
iWUE optimization and (b) shows SPA-WUE optimization. Re-
sults are for a warm, sunny day with relative humidity equal to
45% (solid lines) and 75% (dashed lines). Circles denote op-
timized values for An, El, and gs at which (a) 1An/1gs = 5,
7.5, 10, and 15µmolCO2 mol−1 H2O (iWUE optimization) and
(b) 1An/1El = 500, 750, 1000, and 1500µmolCO2 mol−1 H2O
(WUE optimization). Open circles are with 45% relative humidity.
Filled circles are with 75% relative humidity.
The simulations were evaluated in terms of root mean
square error (RMSE) for each of the 51 site-years. Flux data
for rainy time steps were excluded from the model–data anal-
yses. We additionally evaluated model performance using
Taylor diagrams (Taylor, 2001). Taylor diagrams quantify the
degree of similarity between two ﬁelds, in this case the ob-
served and simulated time series of a particular ﬂux, in polar
coordinate displays of the correlation coefﬁcient (r) and the
standard deviation of the model data normalized by the stan-
dard deviation of the observations (ˆ σsim = σsim/σobs). The
radial distance of a data point from the origin is proportional
Figure 4
Figure 4. Relationship between gs and Ds derived for SPA-
WUE optimization. gsref is the stomatal conductance at Ds =
1kPa. The solid line shows the best-ﬁt regression equation
using the relationship gs/gsref = y0 +mlnDs from Katul et
al. (2009). The dashed line shows D
−1/2
s . Calculations used
ι =750µmolCO2 mol−1 H2O.
to the normalized standard deviation, and the azimuthal posi-
tion gives the correlation coefﬁcient between the two ﬁelds.
The corresponding skill score is
S =
2(1+r)
 
ˆ σsim +1/ˆ σsim
2.
Stöckli et al. (2008) used Taylor plots to evaluate simu-
lated and observed ﬂuxes in previous versions of CLM, and
Schwalm et al. (2010) used the skill score to assess model
simulations of net ecosystem exchange across 22 models and
44 ﬂux tower sites.
2.4.2 Leaf-scale simulations
We evaluated the SPA-iWUE and SPA-WUE stomatal opti-
mization in four sets of leaf-scale analyses using meteorolog-
ical forcing data from ﬂux tower site US-Ha1 for July 2003:
1. We used one time slice of forcing data at midday to il-
lustrate how stomatal efﬁciency (ι∗ or ι) deﬁnes opti-
mal An, El, and gs. For the sunlit leaves at the top of
the canopy, we calculated An and El for speciﬁed val-
ues of gs ranging from 0.005 to 1molH2Om−2 s−1, and
then determined gs at which the deﬁned stomatal ef-
ﬁciency threshold (ι∗ for iWUE; and ι for WUE) was
met. Atmospheric forcing was Tref = 22.6 ◦C, uref =
1.9ms−1, S ↓= 852Wm−2, L ↓= 396Wm−2, Pref =
982.59hPa, cref = 367µmolmol−1, and relative humid-
ity=45% (baseline) or increased to 75% to represent
reduced vapor pressure deﬁcit.
Geosci. Model Dev., 7, 2193–2222, 2014 www.geosci-model-dev.net/7/2193/2014/G. B. Bonan et al.: Modeling stomatal conductance in the earth system 2203
2. We used the same forcing data as (1) to derive the de-
pendence of gs on vapor pressure deﬁcit (Ds). Simula-
tions calculated gs for the SPA-WUE optimization over
a range of relative humidity from 5 to 100%.
3. We compared relationships between An and gs simu-
lated using the SPA-iWUE and SPA-WUE stomatal op-
timization with observations from the Glopnet leaf trait
database (Wright et al., 2004). That database provides
maximum An and gs measured at high light, moist soil,
and ambient CO2. For C3 plants, An ranged from 0.1
to 35µmolCO2 m−2 s−1, and gs varied from <0.05 to
>1molH2Om−2 s−1. This reﬂects a range in photo-
synthetic capacity, seen in leaf nitrogen concentration
that varied from 0.5% to >4% (by mass). We gener-
ated similar model data for 100 theoretical leaves that
differed in photosynthetic capacity, speciﬁed by vary-
ing Vcmax25 from 1.5 to 150µmolm−2 s−1. The photo-
synthetic parameters Jmax25 and Rd25 are proportional
to Vcmax25 and so also varied. Simulations were for
the sunlit leaf at the top of the canopy, at midday
(highirradiance),andwithoutwaterstress(ψl > ψlmin).
Six time slices of forcing data were used to sample a
range of meteorological conditions. The range of con-
ditions was Tref = 22.5–27.5 ◦C, uref = 1.1–2.3ms−1,
relative humidity=44–51%, S ↓= 852–895Wm−2,
L ↓= 387–406Wm−2, Pref = 976–985hPa, and cref =
367µmolmol−1. We repeated these simulations for
a range of stomatal efﬁciency parameters (ι∗ = 5–
15µmolCO2 mol−1 H2O for iWUE optimization; ι =
500–1500µmolCO2 mol−1 H2O for WUE optimiza-
tion).
4. We compared gs simulated by the SPA-iWUE and SPA-
WUE stomatal optimization with An/cs hs (Ball et al.,
1987) and An/cs D
−1/2
s (Medlyn et al., 2011b). Anal-
yses used results for the sunlit leaves at the top of the
canopy, obtained from simulations for the entire month
of July 2003 at US-Ha1. We performed these simula-
tions using 11 values of ι∗ (5–15µmolCO2 mol−1 H2O)
for iWUE optimization and 11 values of ι (500–
1500µmolCO2 mol−1 H2O) for WUE optimization.
Environmental conditions were absorbed photosyn-
thetically active radiation, 7–1288µmolm−2 s−1; Tl,
12–33 ◦C; hs, 0.42–1.0; Ds, 0–2.6kPa; and An, 0–
13µmolCO2 m−2 s−1.
3 Results
3.1 Leaf-scale analyses
Figure 3 illustrates the SPA stomatal optimization and the
role of stomatal efﬁciency in determining the optimal gs, An,
and El under well-watered conditions (so that ψl > ψlmin).
(a) ∆An/∆gs optimization
(b) ∆An/∆El optimization
Figure 5
Figure 5. Observed and simulated relationships between An and
gs. Observations (light grey symbols) are from the Glopnet leaf
trait database (Wright et al., 2004) for C3 plants (n = 421). The
dashed line shows the best-ﬁt regression equation, An = 34.3gs.
Simulations show optimal An and gs calculated for 100 theoretical
leaves that differed in photosynthetic capacity, speciﬁed by varying
Vcmax25 from 1.5–150µmolm−2 s−1. (a) SPA-iWUE optimiza-
tion simulations with ι∗ = 5, 7.5, 10, and 15µmolCO2 mol−1 H2O.
(b) SPA-WUE optimization simulations with ι = 500, 750, 1000,
and 1500µmolCO2 mol−1 H2O. The model simulations used six
different meteorological forcings, producing six different An–gs re-
lationships for each value of stomatal efﬁciency.
In these calculations, gs was speciﬁed, and An and El were
calculated for that conductance. The calculated An and El
increase with higher gs. For both iWUE and WUE opti-
mization, higher values of stomatal efﬁciency result in both
lower An, El, and gs at optimization (denoted by open and
closed circles in the ﬁgure) and higher water-use efﬁciency.
Consider, for example, the iWUE optimization (Fig. 3a):
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An/El = 3.8 mmol CO2 mol−1 H2O with ι∗ = 5, whereas
An/El = 5.1 mmol CO2 mol−1 H2O with ι∗ = 15 (both
at 75% relative humidity). Similar behavior occurs at 45%
relative humidity, and with WUE optimization (Fig. 3b).
The two optimization algorithms differ in their response to
changes in vapor pressure deﬁcit. With iWUE optimization,
the optimal gs and An are nearly insensitive to lower relative
humidity (Fig. 3a). With WUE optimization, the optimal gs
and An both decrease with lower relative humidity (Fig. 3b).
The WUE optimization produces a sharp reduction in gs
as Ds increases (Fig. 4). In these simulations, air temperature
was held constant (Tref = 22.6 ◦C) and relative humidity var-
ied from 5 to 100% so that Ds varied from 0.8 to 2.7kPa.
Leaf temperature was nearly constant, but decreased from
29.1 ◦C to 27.0 ◦C as Ds increased. The decrease in gs fol-
lows the relationship gs/gsref = 1−mlnDs, expected from
water-use efﬁciency optimization theory (Katul et al., 2009),
and the slope (0.5) is consistent with observations (m = 0.5–
0.6) for over 40 species of grasses, deciduous trees, and ever-
greentrees (Orenetal., 1999;Katulet al.,2009).Simulations
using several different values of stomatal efﬁciency show
that over the range ι = 500–1250µmolCO2 mol−1 H2O, gsref
decreases from 0.41 to 0.24molH2Om−2 s−1, but m is
conserved in the range 0.58–0.48, consistent with observa-
tions (Oren et al., 1999; Katul et al., 2009). The relation-
ship 1−0.5lnDs is itself an approximation of D
−1/2
s for
Ds <∼2.0kPa (Katul et al., 2009).
With iWUE and WUE optimization, the optimal An and
gs increase in relation to each other (Fig. 5). This is con-
sistent with the range of observations of maximum An and
gs from the Glopnet leaf trait database, but direct compar-
isons are not possible because of uncertainties in the condi-
tionsforwhichtheobservationswereobtained.Theobserved
measurements reﬂect maximum rates obtained for high light,
moist soils, and ambient CO2. For similar conditions, the
stomatal optimization simulates comparable increases in
An with higher gs. With iWUE optimization, the slope of
the simulated An–gs relationship increases with larger val-
ues of ι∗ (i.e., larger ι∗ produces higher An for a given
gs). Values of ι∗ equal to 7.5 and 10µmolCO2 mol−1 H2O
generally bracket the empirical relationship, while 5 and
15µmolCO2 mol−1 H2O are biased low and high, respec-
tively (Fig. 5a). Similarly for WUE optimization, ι equal
to 750 and 1000µmolCO2 mol−1 H2O match the middle of
the scatter plot, while 500 and 1500µmolCO2 mol−1 H2O
are biased low and high, respectively (Fig. 5b). The iWUE
simulations (without vapor pressure deﬁcit) have a linear re-
sponse; the WUE simulations (with dependence on vapor
pressure deﬁcit) have a curvilinear response. The curvilin-
ear response arises from interactions among stomatal con-
ductance, leaf temperature, and vapor pressure deﬁcit.
Leaf analyses over a range of photosynthetically
active radiation (7–1288µmolm−2 s−1), temperature
(12–33 ◦C), and vapor pressure deﬁcit (0–2.6kPa) show
Figure 6
Figure 6. Slope (g1) of empirical stomatal models in relation to
stomatal efﬁciency. (a) SPA-iWUE optimization with the slope g1
deﬁned for gs ∝ An/cs hs. (b) SPA-WUE optimization with the
slope g1 deﬁned for gs ∝ An/cs hs (closed symbols) and gs ∝
An/cs D
−1/2
s (open symbols). Solid lines show an exponential
regression equation (R2 = 0.99). Dashed lines show the ﬁt to
ι
−1/2
∗ (a) and ι−1/2 (b).
that the optimized gs is linearly related to An/cs hs.
Stomatal conductance simulated with iWUE optimization
(using ι∗ = 7.5µmolCO2 mol−1 H2O) is signiﬁcantly
correlated with An/cs hs (slope g1 = 10.6, r = 0.95,
p < 0.001), as shown also by Williams et al. (1996).
Stomatal conductance simulated with WUE optimization
(using ι =750µmolCO2 mol−1 H2O) is well-described
by An/cs hs (g1 = 11.5, r = 0.98, p < 0.001), and
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Figure 7. Canopy ﬂux simulations for US-Ha1, July 2001. Shown are observed (horizontal axis) and simulated (vertical axis) net radiation
(Rn), sensible heat ﬂux (H), latent heat ﬂux (λE), and gross primary production (GPP) for the multi-layer canopy model with the CLM
Ball–Berry model (left-hand panels; a–d), SPA-iWUE optimization (middle panels; e–h), and SPA-WUE optimization (right-hand panels,
i–l). The dashed line shows the 1 : 1 relationship, with the light and dark shading denoting ±1 and ±2 standard deviations, respectively, of
the random ﬂux error, σ(ε). Statistics show sample size (n), correlation coefﬁcient (r), slope of the regression line, mean bias, and root mean
square error (RMSE). Data are shown for periods without rain. GPP is for daylight hours only.
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also by An/cs D
−1/2
s (g1 = 6.1, r = 0.91, p < 0.001).
Analyses using data simulated with 11 different val-
ues of ι∗ (5–15µmolCO2 mol−1 H2O) and ι (500–
1500µmolCO2 mol−1 H2O) show that the slope (g1)
of these relationships decreases with higher stomatal efﬁ-
ciency (Fig. 6). The dependence of g1 on stomatal efﬁciency
closely approximates ι
−1/2
∗ and ι−1/2, as expected from
theory (Medlyn et al., 2011b).
3.2 Canopy-scale analyses
Figure 7 compares observed ﬂuxes for US-Ha1 during July
2001 and simulated ﬂuxes for the three multi-layer canopy
stomatal models. Net radiation is biased low at high radia-
tion for each model. Sensible heat ﬂux is comparable among
models. Each replicates the observations equally well, and
model ﬂuxes fall within the random error of the observed
ﬂuxes. The CLM-BB model underestimates latent heat ﬂux
at high values, and the SPA-iWUE and SPA-WUE optimiza-
tions better match the observations, but the simulated ﬂuxes
fall within the random error of the observed ﬂuxes for each
model. Gross primary production is similarly comparable
among the models.
Taylor diagrams show that across the years 1992–2006 the
three multi-layer canopy stomatal models are each improved
relative to CLM4.5, seen mainly in improved variance of the
modeled ﬂuxes relative to the observations; improvements
in the correlation with the observations are minor (Fig. 8).
Sensible heat ﬂux simulated with the CLM-BB model is im-
proved relative to CLM4.5, primarily by lower standardized
deviations relative to the observations. The SPA-iWUE and
SPA-WUE stomatal optimizations are further improved in
terms of standardized deviations, but are both similar. The
CLM-BB model simulates latent heat ﬂux comparable to
CLM4.5; the SPA stomatal optimizations are improved com-
pared with CLM-BB (higher standardized deviations). Gross
primary production simulated with the CLM-BB model is
improved compared with CLM4.5, and the SPA stomatal op-
timizations further match the observations with higher stan-
dardized deviations.
Similar results are seen at other sites (Fig. 9). The skill of
the multi-layer canopy model is generally similar to or im-
proved relative to CLM4.5 for sensible heat ﬂux, latent heat
ﬂux, and GPP across sites and for all three stomatal models.
The SPA stomatal optimization models generally have sim-
ilar or improved skill compared with the CLM-BB model.
Large improvements in sensible heat ﬂux, latent heat ﬂux,
and GPP are seen at US-Me2 with the multi-layer model
compared with CLM4.5 and with the SPA stomatal optimiza-
tion models compared with CLM-BB.
At US-Me2, CLM4.5 overestimates the standardized de-
viations for sensible heat ﬂux compared with the observa-
tions (Fig. 10a). The multi-layer canopy reduces the devi-
ations, and the SPA stomatal optimization models are im-
proved relative to the CLM-BB model. CLM4.5 and the
(a) Sensible heat flux
US-Ha1 (1992-2006)
CLM4.5 +
Ball-Berry
∆An/∆El optimization
∆An/∆gs optimization
(b) Latent heat flux
(c) GPP
Figure 8 Figure 8. Taylor diagram of (a) sensible heat ﬂux, (b) latent heat
ﬂux, and (c) gross primary production for US-Ha1. Data points are
for the years 1992–2006 for CLM4.5 and the multi-layer canopy
model with the CLM Ball–Berry model, SPA-iWUE optimization,
and SPA-WUE optimization. Simulations are evaluated by the nor-
malized standard deviation relative to the observations (given by the
radial distance of a data point from the origin) and the correlation
with the observations (given by the azimuthal position).
CLM-BB model underestimate latent heat ﬂux standardized
deviations; the SPA-iWUE optimization overestimates the
deviations; and the SPA-WUE optimization is closer to the
observations (Fig. 10b). Marked differences among models
are seen in GPP (Fig. 10c). CLM4.5 underestimates the stan-
dardized deviations and has low correlation with the obser-
vations. The multi-layer canopy model performs better. The
CLM-BBmodelhashighercorrelationthanCLM4.5,andthe
SPA-iWUE and SPA-WUE optimizations have still higher
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Figure 9. Average skill across all years for each ﬂux tower site for (a) net radiation, (b) sensible heat ﬂux, (c) latent heat ﬂux, and
(d) gross primary production. Shown are simulations for CLM4.5 and the multi-layer canopy model with the CLM Ball–Berry model,
SPA-iWUE optimization, and SPA-WUE optimization. Stomatal efﬁciency is ι∗ = 15µmolCO2 mol−1 H2O (iWUE optimization) and
ι = 1500µmolCO2 mol−1 H2O (WUE optimization) for US-Ho1 and US-Me2. All other parameter values are as in Table 3.
correlation and standardized deviations comparable to the
observations.
The improvements at US-Me2 with the SPA stomatal opti-
mization models compared with the CLM-BB model are re-
lated to the simulation of soil moisture stress in the stomatal
models. The year 2002 had a persistent drought throughout
the month of July (Fig. 11). The CLM4.5 soil wetness fac-
tor (βt) used in the Ball–Berry model is low and decreases
throughout the month. The leaf-speciﬁc hydraulic conduc-
tance simulated by the SPA-WUE optimization is similarly
low and decreases throughout the month. The CLM-BB
model underestimates high midday peak latent heat ﬂux seen
in the observations and systematically underestimates GPP.
In contrast, the SPA-WUE optimization better replicates la-
tent heat ﬂux and GPP. These differences among stomatal
models are evident in scatter plots of observed and simulated
ﬂuxes (Fig. 12). The CLM-BB model overestimates sensi-
ble heat ﬂux and underestimates latent heat ﬂux and GPP.
The SPA-iWUE optimization overestimates latent heat ﬂux
andGPP.TheSPA-WUEoptimizationisimprovedcompared
with the SPA-iWUE optimization. The failure of the CLM-
BB model is related to the implementation of soil mois-
ture stress. Increasing the soil wetness factor (βt) by 0.3 in-
creases latent heat ﬂux and GPP and improves the simulation
(Fig. 12m–p).
In 2005, drought developed at US-Me2 in the later two-
thirds of the month (Fig. 13). The CLM-BB and SPA-WUE
optimization models both replicate the observed latent heat
ﬂux prior to severe soil moisture stress and similarly repli-
cate the decline in latent heat ﬂux as soil moisture stress
increases. The CLM-BB model matches the observed GPP
prior to development of soil moisture stress, but as the wa-
ter stress progresses GPP is biased low. The SPA-WUE op-
timization simulates GPP consistent with the observations
throughout the month. Increasing the soil wetness factor (βt)
by 0.3 improves GPP for the CLM-BB model without sub-
stantially degrading latent heat ﬂux (not shown).
The importance of soil moisture stress is further high-
lighted by SPA-iWUE and SPA-WUE simulations that elim-
inated stomatal closure when leaf water potential (ψl) de-
creased below ψlmin (this removed stomatal dependence on
soil moisture). The greatest difference in these simulations
compared with the full model is seen in latent heat ﬂux and
GPP on sites that are drought stressed (data not shown). At
US-Me2 during the July 2002 drought, for example, latent
heat ﬂux in the SPA-WUE simulation is overestimated with
removal of ψlmin, and the model skill declines from 0.92 to
0.81. GPP is similarly overestimated, and the skill declines
from 0.91 to 0.86. Sensible heat ﬂux skill is unchanged. Sim-
ilar results are seen in July 2005. The reduction in model
skill is greater for the SPA-iWUE optimization, for which the
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Figure 10
Figure 10. As in Fig. 8, but for US-Me2 (2002–2007).
decline in ψl with high transpiration rates is a key regulator
of stomatal conductance. At US-Me2 during the July 2002
drought, removing this control of stomatal conductance de-
creases the latent heat ﬂux skill from 0.86 to 0.42; GPP skill
decreases from 0.92 to 0.69; and sensible heat ﬂux skill de-
creases from 0.96 to 0.79. At other ﬂux tower sites, where
soil water stress is less important, the skill of the model is
not greatly affected when soil water stress is neglected.
The SPA stomatal optimization simulations for US-Ho1
and US-Me2 used a higher stomatal efﬁciency (ι∗ = 15 and
ι = 1500µmolCO2 mol−1 H2O) than the other sites (ι∗ = 7.5
and ι = 750µmolCO2 mol−1 H2O). The higher stomatal ef-
ﬁciency improved the simulation of sensible heat ﬂux, latent
heat ﬂux, and GPP compared with the lower value, for both
the iWUE and WUE optimizations at US-Ho1 and US-Me2
(d) Latent heat flux, Ball-Berry (W m-2)
(f) GPP, Ball-Berry (µmol CO2 m-2 s-1)
(e) Latent heat flux, ∆An/∆El optimization (W m-2)
(g) GPP, ∆An/∆El optimization (µmol CO2 m-2 s-1)
(b) Leaf-specific conductance (mmol H2O m-2 s-1 MPa-1)
US-Me2, July 2002 (a) CLM soil wetness factor, βt (-)
(c) Fraction of canopy water stressed (ψL= ψL min)
Figure 11
Figure 11. Multi-layer canopy model simulations for US-Me2 for
31 days in July 2002 during a prolonged drought. (a) CLM4.5
soil wetness factor (βt). The green line shows βt increased by
0.3, needed to improve latent heat ﬂux and GPP simulations with
the CLM Ball–Berry model. (b) Leaf-speciﬁc conductance (kL)
with SPA-WUE optimization. (c) Fraction of canopy that is water
stressed with SPA-WUE optimization. (d, e) Latent heat ﬂux sim-
ulated with the CLM Ball–Berry model and SPA-WUE optimiza-
tion(red)comparedwithobservations(blue).Thelightblueshading
denotes ±2 standard deviations of the random ﬂux error, σ(ε). (f,
g) Gross primary production simulated with the CLM Ball–Berry
model and SPA-WUE optimization (red) compared with observa-
tions (blue).
(Fig.14).Similarorimprovedresultswerealsoobtainedwith
higher root resistivity (R∗
r = 75MPasgmmol−1 H2O) com-
pared with the baseline value (R∗
r = 25). Both parameters de-
creased maximum latent heat ﬂux and GPP compared with
the lower parameter values. At US-Dk3, however, the higher
parameter values degraded the model skill, particularly for
the WUE optimization.
3.3 Parameter sensitivity analyses
Latin hypercube parameter sampling failed to distinguish op-
timal parameter values for g0 and g1 in the CLM-BB model
that minimized model error. This is illustrated in Fig. 15 for
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Figure 12. As in Fig. 7, but for US-Me2, July 2002. Also shown are simulations for the CLM Ball–Berry model with βt increased by
0.3 (m–p).
US-Ha1 during July 2001. The 50 simulations with the low-
est RMSE (i.e., the lowest 10% of the 500 parameter tries)
have comparable RMSE with the baseline simulation shown
in Fig. 7. Values of g0 >0.05molH2Om−2 s−1 were dis-
criminated against, but values <0.01molH2Om−2 s−1 also
gavelowRMSE(Fig.15a).Valuesofg1 inthe50simulations
with the lowest RMSE ranged from 6 to 12 (Fig. 15b). This
is because there is a negative correlation between g0 and g1
in the simulations with low model error (Fig. 16). Similar re-
sults occur across other sites and years. Parameter estimation
analyses that vary only g0 or g1 may erroneously produce
acceptable simulations.
Well-deﬁned values of stomatal efﬁciency and root re-
sistivity minimized model error for the SPA-WUE stom-
atal optimization (Fig. 17). Optimal parameter values var-
ied from about 600–950µmolCO2 mol−1 H2O for ι and 25–
100MPasgmmol−1H2O for R∗
r . The baseline parameter
values (Table 3) are within this range. Other aboveground
and belowground parameters did not differentiate between
prior and posterior values. This is because ι explains 97% of
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(e) Latent heat flux, ∆An/∆El optimization (W m-2)
(g) GPP, ∆An/∆El optimization (µmol CO2 m-2 s-1)
(a) CLM soil wetness factor, βt (-)
(b) Leaf-specific conductance (mmol H2O m-2 s-1 MPa-1)
US-Me2, July 2005
(c) Fraction of canopy water stressed (ψL= ψL min)
Figure 13
Figure 13. As in Fig. 11, but for July 2005 during an evolving
drought.
the variation in RMSE in the simulations that varied the four
aboveground plant parameters (Fig. 18a). Root resistivity ex-
plains 85% of the variation in RMSE in the simulations that
varied the four belowground root parameters (Fig. 18b). The
scatter about the regression line in Fig. 18b arises from an ad-
ditional dependence with ﬁne root biomass (MT), in which
RMSE decreases as MT increases after accounting for R∗
r .
Similar results occur across other sites and years.
4 Discussion
The multi-layer canopy model simulates sensible heat ﬂux
and latent heat ﬂux across sites and years that are compara-
ble to or improved relative to CLM4.5; GPP is signiﬁcantly
improved by the multi-layer approach (compare CLM4.5 and
the CLM-BB model, Fig. 9). CLM4.5 uses a big-leaf canopy
parameterization (with sunlit and shaded fractions). A steep
decline in leaf nitrogen with depth in the canopy (Kn = 0.3)
is needed to decrease photosynthetic capacity (Vcmax25) and
compensate for inadequacies in the absorption of diffuse
radiation by shaded leaves in the big-leaf parameterization
(Bonan et al., 2012). The multi-layer canopy model uses a
(a) Sensible heat flux
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(c) GPP
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Figure 14. Average skill across all years for evergreen needleleaf
forest tower sites for (a) sensible heat ﬂux, (b) latent heat ﬂux,
and (c) gross primary production. Simulations are the multi-layer
canopy model with the CLM Ball–Berry model, SPA-iWUE op-
timization, and SPA-WUE optimization using baseline parameter
values (Table 3). Four additional simulations are shown with higher
stomatal efﬁciency (ι∗ = 15 and ι = 1500µmolCO2 mol−1 H2O)
and higher root resistivity (R∗
r = 75MPasgmmol−1).
more gradual decline in leaf nitrogen, which is a function
of Vcmax25 and based on observations across many forests
(Lloyd et al., 2010).
The SPA-WUE stomatal optimization performs signiﬁ-
cantly better than the CLM-BB model at US-Me2, the site
withthemostsigniﬁcantsoilmoisturestress(Figs.11,13).In
the stomatal optimization, soil moisture control of latent heat
ﬂux and GPP is an outcome of plant hydraulic constraints
on leaf water-use efﬁciency optimization, whereas the sim-
ilar dependence on soil moisture is speciﬁed in the CLM-
BB model by adjusting the intercept (g0) and An (through
Vcmax25) for soil moisture using the soil wetness factor
(βt). The exact form of this soil moisture stress function is
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Figure 15. Parameter optimization of (a) g0 and (b) g1 for the
CLM Ball–Berry model using ﬂux data for US-Ha1 (July 2001).
Shown are the distributions of prior parameter values from latin hy-
percube sampling (m = 500 points with n = 2 variables) and the
parameter values of the 50 simulations with the lowest root mean
square error for latent heat ﬂux (λE) and gross primary production
(GPP). For the 50 simulations, RMSE=37–41Wm−2 and 4.09–
4.15µmolCO2 m−2 s−1.
unknown, and other approaches adjust the slope (g1) (Egea
et al., 2011; De Kauwe et al., 2013; Zhou et al., 2103). In our
simulations, higher βt (less soil moisture stress) improves
the CLM-BB model (Fig. 12), suggesting that the parame-
terization of soil moisture stress for this site, not the stom-
atal model per se, is erroneous. In contrast, the soil mois-
ture stress emerges from the SPA optimization as a result of
root uptake, water transport through the stem, internal wa-
ter storage, and leaf water-use efﬁciency. Duursma and Med-
lyn (2012) also implemented the SPA plant hydraulics in the
MAESTRA model, resulting in improvement for simulation
of drought stress.
At sites without soil moisture stress, improvements with
the SPA stomatal optimization are not as evident (Fig. 9). For
deciduous broadleaf forests, the skill of latent heat ﬂux and
GPP compared with the CLM-BB model improves slightly at
US-Ha1 and more so at US-MMS and US-UMB. All mod-
els perform comparably at US-Ho1, an evergreen needleleaf
forest.
Figure 16
Figure 16. Relationship between g0 and g1 for the 50 simulations
with the lowest root mean square error in latent heat ﬂux. Data are
from Fig. 15. Analysis of GPP errors shows a similar negative cor-
relation (not shown).
Differences between intrinsic water-use efﬁciency opti-
mization (1An/1gs) and water-use efﬁciency optimization
(1An/1El) are generally not clear at the canopy scale
(Fig. 9), but are evident in model skill at sites where there
is moisture stress (e.g., US-Me2). Removal of the ψlmin con-
straint on stomatal closure (which eliminates plant hydraulic
control on stomatal functioning) degrades the 1An/1gs op-
timization (which thereby lacks vapor pressure deﬁcit regu-
lation of stomatal conductance) more than the 1An/1El op-
timization (with explicit vapor pressure deﬁcit dependence).
The outcome of the two different stomatal optimizations
is clearly depicted at the leaf scale. The relationship of gs
with vapor pressure deﬁcit (Ds) emerges from the 1An/1El
optimization and does not require a priori relationships. It
is notable that the water-use efﬁciency optimization directly
predicts a relationship in which gs varies in relation to 1–
0.5lnDs (Fig. 4), consistent with observations (Oren et al.,
1999; Katul et al., 2009). Closed-form stomatal conductance
models obtained from water-use efﬁciency optimization ob-
tainarelationshipwithD
−1/2
s (Katuletal.,2009,2010;Med-
lyn et al., 2011b), which approximates 1–0.5lnDs.
A key parameter in the SPA water-use efﬁciency optimiza-
tion is the stomatal efﬁciency (ι, the marginal carbon gain
of water loss). Maximum stomatal conductance and maxi-
mum photosynthetic rate have long been known to be corre-
lated (Körner 1994; Hetherington and Woodward 2003), and
coherent changes in photosynthetic carbon metabolism and
stomatal behavior led to the understanding that they function
in concert. The stomatal efﬁciency parameter determines the
slope of the relationship between maximum gs and An seen
in such analyses (Fig. 5). Moreover, it relates closely to the
slope (g1) of the Ball–Berry model (using An/cs hs) and its
variants (using An/cs D
−1/2
s ) (Fig. 6). Medlyn et al. (2011b)
showed that g1 varies in relation to the square root of the
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Figure 17. As in Fig. 15, but for SPA-WUE optimization. Parame-
ters were generated from latin hypercube sampling (m = 500 points
with n = 4 variables). The left-hand panels (a–d) show prior and
posterior values of the four aboveground stem and leaf parame-
ters. The right-hand panels (e–h) show values of the four below-
ground root parameters. For simulations with the lowest 10% error,
RMSE=35–37Wm−2 and 4.08–4.20µmolCO2 m−2 s−1.
marginal water cost of carbon gain (the inverse of stomatal
efﬁciency), and we similarly ﬁnd that g1 scales with ι−1/2.
Medlyn et al. (2011b) also found that values for g1 increase
with growth temperature, are lower in gymnosperms than in
angiosperms, and vary in relation to plant water-use strat-
egy. Such variation also manifests in ι, where we found that
a higher value (more conservative water-use strategy) min-
imized model errors at the evergreen needleleaf forest US-
Ho1 and US-Me2 compared with the lower value for decid-
uous broadleaf forest.
Two parameters (ι, stomatal efﬁciency; and R∗
r , root hy-
draulic conductivity) minimized errors in the SPA water-
use efﬁciency stomatal optimization model (Fig. 18). Func-
tional relationships among photosynthetic capacity, stomatal
conductance, and plant hydraulics may help constrain these
and other model parameters. For example, high stomatal
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Figure 18. Root mean square error of latent heat ﬂux from the latin
hypercube sampling (m = 500 points) in relation to (a) ι and (b) R∗
r
for US-Ha1 (July 2001) using SPA-WUE optimization. The solid
lines show the polynomial regression. Analysis of GPP errors shows
similar relationships (not shown).
efﬁciency or high root resistivity both improved simulations
at US-Ho1 and US-Me2 (Fig. 14). In fact, it is likely that
both traits co-vary with plant carbon–water economics. This
suggests a need to include a concept of plant hydraulic ar-
chitecture in the deﬁnition of functional types, noted also
by Medlyn et al. (2011b). For example, minimum leaf wa-
ter potential values are related to xylem function (Choat et
al., 2012).
Our approach, as in the SPA model, numerically optimizes
photosynthetic carbon gain per unit water loss while also
avoiding desiccation by preventing low leaf water potential.
Alternatively, Ball–Berry style stomatal conductance mod-
els provide a closed-form analytical equation for stomatal
functioning and can be combined with an empirical depen-
dence on soil moisture or leaf water potential (Tuzet et al.,
2003; Duursma and Medlyn, 2012; Zhou et al., 2013). Some
computational cost is added by the numerics of the stom-
atal optimization. However, the greater computational cost
(and also the beneﬁt) of the model presented here, relative to
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CLM4.5, is in resolving gradients within the canopy. Bonan
et al. (2012) showed that inexactness in the absorption of dif-
fuse radiation by shaded leaves leads to errors in GPP for a
sunlit/shaded big-leaf canopy model relative to a multi-layer
canopy model. This error can be decreased with high values
for the nitrogen decay coefﬁcient (Kn), but such values are
inconsistent with ﬁeld estimates (Lloyd et al., 2010). A simi-
lar inexactness arises due to gradients of leaf water potential
within the canopy. One of the predictions of the SPA stom-
atal optimization is that leaves in the upper canopy, with high
solar radiation and high transpiration rates, close their stom-
ata to avoid desiccation. Non-linear gradients of light, nitro-
gen, and leaf water potential must be accounted for when for-
mulating theories of canopy optimization (Peltoniemi et al.,
2012). Just as multi-layer proﬁles of soil carbon are being
recognized as important for carbon cycle–climate feedbacks
(Koven et al., 2013), proﬁles in the plant canopy may simi-
larlybeimportantforvegetation–atmospherecoupling.Here,
we resolve the canopy leaf area proﬁle at high resolution (in-
crements of 0.1m2 m−2 for leaf area index of ∼4–5). Other
SPA simulations successfully divide the canopy into fewer
layers (e.g., 10 layers for a canopy with a leaf area index of
3.5m2 m−2, Williams et al., 1996).
5 Conclusions
Stomatal control of energy, water, and CO2 ﬂuxes is a key
component of vegetation–atmosphere coupling in earth sys-
tem models. Here, we outline a framework for modeling
stomatal conductance that is new to earth system models.
This framework links leaf gas exchange, plant hydraulic con-
straints, and the soil–plant–atmosphere continuum to opti-
mize photosynthetic carbon gain per unit water loss while
also avoiding desiccation through low leaf water potential.
Thus, we extend the water-use efﬁciency hypothesis inherent
in the Ball–Berry stomatal model (Katul et al., 2010; Med-
lyn et al., 2011b) with a model that also considers whether
the rates of water transport and water use are physiologically
plausible. The two concepts, that plants account for both
water-use efﬁciency and for hydraulic safety in their stomatal
regulatory physiology, imply a notion of optimal plant strate-
gies, and thus provide testable model hypotheses, rather than
empirical descriptions of plant behavior. Two key parameters
in the model are obtainable from leaf gas exchange measure-
ments (ι) and root physiological measurements (R∗
r ), as are
other plant parameters (e.g., ψlmin and kp). Moreover, the
mechanistic basis of the model predictions can be assessed
using observations of leaf water potential (ψl) and plant con-
ductance (kL) (e.g., Fisher et al., 2006, 2007).
Credible simulations of land–atmosphere feedbacks in
earth system models require that models be characterized in
terms of process parameterizations and assumptions in order
to correctly interpret the projections of a future earth (Med-
lynetal.,2011a).Thedevelopmentandevaluationoftheland
component of earth system models must embrace a synergy
of ecological observations (herein, leaf and canopy ﬂuxes),
theory to explain the observations (herein, plant carbon–
watereconomics),numericalparameterizationstomathemat-
ically describe that theory, and simulations to evaluate the
parameterizations across scales, from leaf to canopy, and ul-
timately global. The model described here represents a nec-
essary approach to rigorously and comprehensively evalu-
ate process parameterizations for consistency with obser-
vations and theory prior to implementation in a full earth
system model. However, the framework still must be ex-
tended to herbaceous plants (grasses and crops) and proven
for C4 plants before it can be implemented in a global model.
Themodelcodeisavailableathttp://www.cgd.ucar.edu/staff/
bonan/.
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Appendix A: Model description
A1 Canopy structure and photosynthetic
capacity
The canopy is divided into n layers each with leaf area in-
dex 1L=0.1m2 m−2. The leaf area is evenly distributed be-
tween the canopy top and bottom heights. Foliage nitrogen
and photosynthetic capacity are distributed with depth in the
canopy (Bonan et al., 2012). Foliage nitrogen concentration
(per unit leaf area) declines exponentially with greater cumu-
lative leaf area from the canopy top, deﬁned by a decay co-
efﬁcient (Kn). Photosynthetic parameters at 25 ◦C (Vcmax25,
Jmax25, and Rd25) scale directly with leaf nitrogen and simi-
larly decrease with depth in the canopy. Vcmax25 at cumula-
tive leaf area index x from the canopy top is given by
Vcmax25(x) = Vcmax25(0)e−Knx, (A1)
where Vcmax25(0) is deﬁned at the top of the canopy. Kn
scales with Vcmax25 at the canopy top following Lloyd et
al. (2010)
Kn = exp(0.00963Vcmax25 −2.43). (A2)
Values for additional photosynthetic metabolic parameters
are proportional to Vcmax25, given by Jmax25 = 1.67 Vcmax25
and Rd25 = 0.015 Vcmax25. The ratio Jmax25/Vcmax25 varies
with temperature acclimation (Kattge and Knorr, 2007).
A2 Radiative transfer
Radiative transfer is calculated from Norman (1979) for vis-
ible, near-infrared, and longwave radiation, similar to CAN-
VEG and SPA, and accounts for scattering within the canopy
based on leaf reﬂectance (ρl), transmittance (τl), and leaf ori-
entation (χl) (Fig. 1a). Solar radiation incident on the canopy
ispartitionedas50%visibleand50%near-infrared.Thetwo
shortwave bands are divided into direct and diffuse streams,
as in CLM4.5. The canopy is partitioned into sunlit and
shaded fractions at each layer, with the sunlit faction given
by
fsun(x) = e−Kbx, (A3)
where Kb is the extinction coefﬁcient for direct beam.
Shaded leaves receive only diffuse radiation, while sunlit
leaves receive diffuse and direct beam radiation. Soil albedo
is calculated as in CLM4.5 and varies with soil color class
and water content of the ﬁrst soil layer. Leaf emissivity is
εl = 0.98, and soil emissivity is εg = 0.96.
A3 Leaf model
A3.1 Leaf temperature and energy balance
The leaf model couples photosynthesis, stomatal conduc-
tance, leaf temperature, and the leaf energy balance at each
layer in the canopy (Fig. 1b). Sensible heat (Hl,Wm−2)
is exchanged between the leaf with temperature Tl (K) and
canopy air with temperature Ta (K)
Hl = 2cp(Tl −Ta)gbh, (A4)
where cp is the speciﬁc heat of air at constant pressure
(Jmol−1 K−1) and gbh is the leaf boundary layer conduc-
tance for heat (molm−2 s−1). Latent heat ﬂux (λEl, Wm−2)
is linearized about saturation vapor pressure
λEl =
cp
γ
[e∗(Ta)+s(Tl −Ta)−ea]

g−1
s +g−1
bv

. (A5)
Here, e∗(Ta) is the saturation vapor pressure (Pa) at air
temperature, ea is the vapor pressure (Pa) within the canopy,
and s (PaK−1) is the slope of the saturation vapor pres-
sure function with respect to temperature. The term γ =
cpPref/λ is the psychrometric constant (PaK−1), with Pref
atmospheric pressure (Pa) and λ latent heat of vaporization
(Jmol−1). The term gv = 1/(g−1
s +g−1
bv ) is the total leaf con-
ductance for water vapor (molm−2 s−1) from stomata (gs)
and the leaf boundary layer (gbv) in series. Leaf temperature
is calculated from the energy balance equation
Rnl = Hl +λEl (A6)
and
Tl −Ta =
Rnl −
cp
γ [e∗(Ta)−ea]gv
2cpgbh +
cp
γ sgv
, (A7)
withRnl the netradiation forthe canopy layer. Leaf boundary
layer conductances (gbh and gbv) vary with leaf dimension
(dl, m) and wind speed (ua, ms−1). For heat
gbh = a
 
ua

dl
0.5 (A8)
and for water vapor
gbv
gbh
=

Dv
Dh
0.67
. (A9)
The coefﬁcient a varies with temperature. A representative
value is a = 0.2molm−2 s−1/2 at 20 ◦C. The thermal diffu-
sivity of air (Dh, m2 s−1) and molecular diffusivity of H2O
(Dv, m2 s−1) vary with temperature and pressure. At 20 ◦C
and sea level, Dv/Dh = 1.15. With dl = 0.04 m, gbh = 1.4
and gbv = 1.5 molm−2 s−1 for a wind speed of 2ms−1.
A3.2 Photosynthesis
Leaf carbon assimilation is calculated as in CLM4.5, using
the Farquhar et al. (1980) photosynthesis model described by
Bonan et al. (2011, 2012), with the addition of temperature
acclimation (Kattge and Knorr, 2007). Net leaf CO2 assimi-
lation (An, µmolCO2 m−2 s−1) is the lesser of two rates
An = min
 
Ac,Aj

−Rd, (A10)
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where the rubisco-limited rate is
Ac =
Vcmax(ci −0∗)
ci +Kc
 
1+oi

Ko
 (A11)
and the RuBP-limited rate is
Aj =
J (ci −0∗)
4ci +80∗
(A12)
In these equations, ci (µmolmol−1) is the intercellular
CO2, 0∗ (µmolmol−1) is the CO2 compensation point, Kc
(µmolmol−1) and Ko (mmolmol−1) are the Michaelis–
Menten constants, and oi = 209mmolmol−1 is the O2 con-
centration. The electron transport rate (J, µmolm−2 s−1)
varies with absorbed photosynthetically active radiation with
a maximum rate Jmax. The maximum rate of carboxyla-
tion (Vcmax, µmolm−2 s−1), maximum rate of electron trans-
port (Jmax, µmolm−2 s−1), and leaf respiration rate (Rd,
µmolm−2 s−1) vary with leaf temperature using tempera-
ture acclimation (Kattge and Knorr, 2007). Values at 25 ◦C
scale directly with leaf nitrogen concentration according to
Eq. (A1). The parameters 0∗, Kc, and Ko also vary with leaf
temperature.
A3.3 Stomatal conductance
The Ball–Berry stomatal conductance model (Ball et al.,
1987; Collatz et al., 1991) is
gs = g0 +g1An
hs
cs
, (A13)
where g0 is the minimum conductance (molm−2 s−1), g1
is the slope parameter, hs is the fractional relative humid-
ity at the leaf surface, and cs (µmolmol−1) is the leaf sur-
face CO2 concentration. The system of equations is solved
for the ci that balances the metabolic assimilation rate, given
by Eq. (A10), and the diffusive rate given by
An =
gbv
1.4
(ca −cs) =
gs
1.6
(cs −ci)
=
(ca −ci)
1.4g−1
bv +1.6g−1
s
, (A14)
with ca the CO2 concentration of air (µmol mol−1). Because
the metabolic parameters (Vcmax, Jmax, Rd, 0∗, Kc and Ko)
that govern assimilation depend on leaf temperature, the en-
tire calculation is iterated until leaf temperature converges
within some speciﬁed tolerance (Fig. 2a).
In this implementation, as in CLM4.5, soil water inﬂu-
ences stomatal conductance directly by multiplying g0 by a
soil moisture stress function βt (with values 0–1) and also
indirectly by multiplying Vc max by βt. Soil moisture stress
is calculated for each soil layer and summed, weighted by
the relative root fraction of the soil layer (1fj). For unfrozen
soil
βt =
X
j
ψc −ψs,j
ψc −ψo
1fj, (A15)
where ψs,j is the soil water potential of layer j, and ψc and
ψo are the soil water potential at which stomata are fully
closed or open, respectively.
The stomatal optimization calculates gs for each canopy
layer to maximize An within limitations imposed by water-
use efﬁciency, plant water storage, and soil-to-leaf water
transport (Fig. 2b). Stomata conductance is calculated such
that (1) further opening does not yield a sufﬁcient carbon
gain per unit water loss (deﬁned by a stomatal efﬁciency pa-
rameter) or (2) further opening causes leaf water potential to
decrease below the minimum sustainable leaf water poten-
tial that prevents xylem cavitation (deﬁned by the parameter
ψlmin). In the latter case, the minimum stomatal conductance
is 2mmolH2Om−2 s−1.
We tested two alternative deﬁnitions of stomatal efﬁ-
ciency: ι∗, based on intrinsic water-use efﬁciency (iWUE;
1An/1gs); and ι, based on water-use efﬁciency (WUE;
1An/1El). Both optimizations require that ψl > ψlmin. The
gs that satisﬁes these constraints is obtained numerically by
solving the system of equations twice, once for gs−1gs and
again for gs, where 1gs = 1mmolH2Om−2 s−1 (Fig. 2b).
This provides 1An in relation to a small increment 1gs. Leaf
transpiration is
El =
(ei −es)
Pref
gs = Dsgs, (A16)
where Ds = (ei −es)/Pref is the vapor pressure deﬁcit at the
leaf surface (molmol−1) and ei = e∗(Tl) is the vapor pres-
sure in the stomatal cavity. For a small increment in stomatal
conductance (1gs), the change in transpiration is
1El = Ds1gs, (A17)
assuming that Ds is constant over 1gs. Then
1An
1El
=
1An
1gs
1
Ds
. (A18)
For iWUE optimization, gs is calculated so that a small
increment (1gs = 1mmolH2Om−2 s−1) changes leaf as-
similation by 1An ≤ ι∗1gs with the constraint that ψl >
ψlmin. The same procedure applies to WUE optimization,
but with 1An ≤ ιDs1gs. Numerical techniques (Brent’s
method, which combines bisection and inverse quadratic in-
terpolation) are used to efﬁciently solve for gs.
A4 Plant hydraulics
A4.1 Leaf water potential
The change in leaf water potential (ψl, MPa) of each canopy
layer is governed by the equation
dψl
dt
=
kL
 
¯ ψs −ρwgh10−6
−1000El −kLψl
Cp
, (A19)
where ¯ ψs is soil water potential (MPa), and ρwgh10−6 is
the gravitational potential (MPa) for a water column with
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height h (m), density ρw (kgm−3), and gravitational accel-
eration g (ms−2). kL is the hydraulic conductance of the
soil-to-leaf pathway per unit leaf area (leaf-speciﬁc con-
ductance, mmolH2Om−2 leaf areas−1 MPa−1), composed
of a belowground (Rb) and aboveground plant (Ra) resis-
tance (MPasm2 leaf areammol−1 H2O) in series. 1000El
is the transpiration loss for the layer (mmolH2Om−2 leaf
areas−1). Cp is plant capacitance (mmolH2Om−2 leaf
areaMPa−1), deﬁned as the ratio of the change in plant wa-
ter content to the change in water potential. Equation (A19)
is solved for each canopy layer. The change in leaf water po-
tential over a model time step (1t, s) is
1ψl = (a −ψ0)

1−e−1t/b

, (A20)
where ψ0 is the leaf water potential at the beginning of the
time step, a = ¯ ψs−ρwgh10−6−1000El/kL, and b = Cp/kL.
A4.2 Leaf-speciﬁc hydraulic conductance
The leaf-speciﬁc hydraulic conductance of the soil-to-leaf
pathwayintegratesthehydraulicconductanceofroots,stems,
and branches and is given by a belowground (Rb) and above-
ground plant (Ra) resistance in series
1
kL
= Rb +Ra. (A21)
The aboveground plant resistance governing ﬂow through
stems to leaves is
Ra =
1
kp
, (A22)
where kp (mmolH2Om−2 leaf areas−1 MPa−1) is the leaf-
speciﬁc stem hydraulic conductance (i.e., the stem-to-leaf
path).
The belowground resistance is the resistance to water up-
take imposed by water movement in the soil and by ﬁne roots
(≤2mm diameter). It is represented by multiple soil layers
connected in parallel with a soil-to-root conductance (ks) and
a root-to-stem conductance (kr) within each layer (Fig. 1c),
as described by Williams et al. (2001a). The conductance of
the soil-to-root path is based on Williams et al. (2001a), used
alsoinMAESPA(DuursmaandMedlyn,2012),whichbuilds
upon the theoretical framework of Gardner (1960) and New-
man (1969). For soil layer j, it depends on the soil hydraulic
conductivity of the layer (Gj, mmolH2Om−1 s−1 MPa−1),
which varies with soil water content and texture, and the
characteristics of the rooting system given by the equation
ks,j =
2πLr,j1zjGj
ln
 
rs,j

rr
 , (A23)
where Lr,j is the root length per unit volume of soil (root
length density, mm−3), Lr,j1zj is the root length per unit
area of soil (root length index, mm−2) in a layer with thick-
ness 1zj (m), and rr is the mean ﬁne root radius (m).
The term rs,j = (πLr,j)−1/2 is one-half the distance be-
tween roots (m), calculated with the assumption of uniform
root spacing and assuming the soil is divided into cylinders
with the root along the middle axis. The conductance of
the root-to-stem path is calculated from root resistivity (R∗
r ,
MPasgmmol−1 H2O) and root biomass per unit soil volume
(Mr,j, root biomass density,gm−3),
kr,j =
Mr,j1zj
R∗
r
. (A24)
The total belowground resistance is obtained assuming the
layers are arranged in parallel
Rb =
 
X
j
1
k−1
s,j +k−1
r,j
!−1
LT. (A25)
Multiplication of the belowground resistance by the
canopy leaf area index (LT) arises because the belowground
resistance is calculated on a ground area basis; multiplying
by LT converts to leaf area. This assumes that each canopy
layer is connected to each soil layer, so that the roots in each
soillayersupplywatertoeachcanopylayer,andthatthefrac-
tion of roots supplying each canopy layer is the same as the
leaf area in that layer. In a wet soil, soil hydraulic conductiv-
ity is large, and most of the belowground resistance is from
the roots (kr). As the soil becomes drier, hydraulic conductiv-
ity decreases and ks contributes more to the total resistance.
The total canopy transpiration can be partitioned to each
soil layer. The maximum water uptake rate for a soil layer
is determined by the difference between soil water potential
(ψs,j, MPa) and the minimum leaf water potential
Emax,j =
ψs,j −ψlmin
k−1
s,j +k−1
r,j
. (A26)
The fraction of transpiration supplied by an individual soil
layer is
ft,j = Emax,j
.X
j
Emax,j, (A27)
and the weighted soil water potential for Eq. (A19) is
¯ ψs =
X
j
ψs,jft,j. (A28)
A5 Root proﬁle
The root system is described by live ﬁne root biomass
(MT,gm−2) and its distribution with depth in the soil. The
root biomass density (Mr,j, root biomass per unit soil vol-
ume, gm−3) in a soil layer 1zj (m) thick that contains 1fj
of the total root biomass (speciﬁed as in CLM4.5 using the
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root distribution parameters ra and rb; Oleson et al., 2013) is
Mr,j = MT1fj

1zj. (A29)
The root length density (Lr,j, root length per unit volume
of soil, mm−3) is
Lr,j =
Mr,j
rd πr2
r
, (A30)
where rd is the speciﬁc root density (gbiomass per m3 root)
and πr2
r is the root cross-sectional area (m2) calculated from
mean ﬁne root radius (rr, m).
A6 Soil temperature and energy balance
The ground surface temperature is the temperature that bal-
ances the net radiation, sensible heat ﬂux, latent heat ﬂux,
and soil heat ﬂux at the soil surface
Rng = Hg +λEg +Gsoil. (A31)
Net radiation (Rng) at the soil surface is calculated as part
of the canopy radiative transfer. Sensible heat is exchanged
between the soil surface with temperature Tg (K) and canopy
air with temperature Ta (K)
Hg = cp
 
Tg −Ta

g0
ah, (A32)
where g0
ah is the aerodynamic conductance within the canopy
(molm−2 s−1). Latent heat ﬂux is similarly exchanged be-
tween the soil surface and canopy (ea)
λEg =
cp
γ

hge∗
 
Tg

−ea

gv, (A33)
where hg = exp[gMwψs1/(<Ts1)] is the fractional humidity
at the soil surface, with g gravitational acceleration (ms−2),
Mw the molecular mass of water (kgmol−1), < the universal
gas constant (JK−1 mol−1), ψs1 the matric potential of the
ﬁrst soil layer (here in meters), and Ts1 the temperature of
the ﬁrst soil layer (K). gv = 1/(g−1
soil +g0−1
ah ) is the total con-
ductance for water vapor (molH2Om−2 s−1) from the soil
surface (gsoil) and within-canopy aerodynamics (g0
ah) in se-
ries. In this study, gsoil = 0.002 ˆ ρ, where ˆ ρ = Pref/<Tref is
the molar density (mol m−3); i.e., the surface resistance is
500sm−1. This formulation of surface ﬂuxes is based on
CLM4.5, but additionally uses a ground surface conductance
(gsoil) to represent the effects of diffusion constraints on soil
evaporation.
The soil heat ﬂux between the surface and the ﬁrst soil
layer with temperature Ts1 (K), thermal conductivity κ1
(Wm−1 K−1), and thickness 1z1 (m) is
Gsoil = κ1
 
Tg −Ts1

1z1/2
. (A34)
Soil temperatures are calculated from the one-dimensional
energy conservation equation
ρc
∂Ts
∂t
=
∂
∂z

κ
∂Ts
∂z

, (A35)
where ρc is volumetric heat capacity (Jm−3 K−1).
A7 Canopy scalars
The calculation of air temperature (Ta), vapor pressure (ea),
and wind speed (ua) within the canopy follows CLM4.5.
With the assumption of negligible capacity to store heat in
the canopy air, the total sensible heat ﬂux exchanged with
the atmosphere (H) is balanced by the sum of the sensible
heat ﬂux from the ground and all canopy layers
H = cp(Ta −θref)gah = Hg +
n X
i=1

Hsun,ifsun,i
+Hshade,i
 
1−fsun,i

1Li. (A36)
Here, Hsun,i and Hshade,i are the leaf ﬂuxes, given by
Eq. (A4), for the sunlit leaf and shaded leaf, respectively, at
canopy layer i. Similarly, for water vapor ﬂux
E =
1
Pref
(ea −eref)gah = Eg
+
n X
i=1

Esun,ifsun,i +Eshade,i
 
1−fsun,i

1Li, (A37)
withthesunlitandshadedﬂuxesgivenbyEq.(A5).Thewind
speed in the canopy is
ua = uref

gam ˆ ρ−1
.
uref
1/2
. (A38)
Here θref,eref,uref, and Pref are the potential temperature
(θref = Tref+0.0098zref, K), vapor pressure (Pa), wind speed
(ms−1), and pressure (Pa) at the tower reference height,
respectively. gam and gah (molm−2 s−1) are aerodynamic
conductances for momentum and heat, respectively, calcu-
lated from the Monin–Obukhov similarity theory between
the tower at height zref and the surface at height z0 +d. The
conductance for a canopy with height htop = 23 m (with z0 =
0.055htop and d = 0.67htop) and tower with height zref = 30
m for neutral conditions and wind speed uref = 2ms−1 is
gam = 2.2 molm−2 s−1; this conductance increases for un-
stable conditions (typically during the day). The canopy air
CO2 concentration is that of the tower (ca = cref).
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Appendix B: List of symbols, their deﬁnition, and units
Canopy variables
ca CO2 concentration of canopy air (µmolmol−1)
d Displacement height (m)
ea Vapor pressure of canopy air (Pa)
gah Aerodynamic conductance for heat, above canopy
(molm−2 s−1)
gam Aerodynamic conductance for momentum, above
canopy (molm−2 s−1)
g0
ah Aerodynamic conductance, under canopy
(molm−2 s−1)
Kn Canopy nitrogen decay coefﬁcient (–)
Ta Canopy air temperature (K)
ua Wind speed in canopy (ms−1)
z0 Roughness length (m)
Biometeorological variables
cp Speciﬁc heat of air at constant pressure, cpd(1+
0.84qref)Ma (Jmol−1 K−1)
cpd Speciﬁc heat of dry air at constant pressure
(1005Jkg−1 K−1)
γ Psychrometric constant, cpPref/λ (PaK−1)
Dh Thermal diffusivity of air (21.5×10−6 m2 s−1 at 20◦C
and sea level)
Dv Molecular diffusivity of H2O (24.8×10−6 m2 s−1 at
20◦C and sea level)
e∗(T) Saturation vapor pressure (Pa) at temperature T
g Gravitational acceleration (9.80665ms−2)
λ Latent heat of vaporization, 56780.3−42.84Tref
(Jmol−1)
Ma Molecular mass of air, ρa/ ˆ ρ (kgmol−1)
Md Molecular mass of dry air (0.02897kgmol−1)
Mw Molecular mass of water (0.01802kgmol−1)
qref Speciﬁc humidity, 0.622eref/(Pref −0.378eref)
(kgkg−1)
< Universal gas constant (8.31446JK−1 mol−1)
ˆ ρ Molar density, Pref/<Tref (molm−3)
ρa Air density, ˆ ρMd(1−0.378eref/Pref) (kgm−3)
ρw Density of water (1000kgm−3)
s Slope of saturation vapor pressure, de∗(T)/dT
(PaK−1)
Model variables deﬁned at each leaf layer
Ac Leaf rubisco-limited assimilation rate
(µmolCO2 m−2 s−1)
Aj Leaf RuBP-limited assimilation rate
(µmolCO2 m−2 s−1)
An Leaf net assimilation (µmolCO2 m−2 s−1)
ci Leaf intercellular CO2 concentration (µmolmol−1)
cs Leaf surface CO2 concentration (µmolmol−1)
0∗ CO2 compensation point (µmolmol−1)
Ds Vapor pressure deﬁcit at leaf surface (Pa or molmol−1)
es Vapor pressure at leaf surface (Pa)
El Leaf transpiration ﬂux (molH2Om−2 s−1)
λEl Leaf latent heat ﬂux (Wm−2)
fsun Sunlit fraction (–)
gbh Leaf boundary layer conductance for heat
(molm−2 s−1)
gbv Leaf boundary layer conductance for water vapor
(molH2Om−2 s−1)
gs Leaf stomatal conductance (molH2Om−2 s−1)
h Layer height (m)
hs Fractional relative humidity at the leaf surface (–)
Hl Leaf sensible heat ﬂux (Wm−2)
I ↑i Upward diffuse ﬂux above layer i (Wm−2)
I ↓i+1 Downward diffuse ﬂux onto layer i +1 (Wm−2)
I ↓b,i+1 Direct beam ﬂux onto layer i +1 (Wm−2)
J Electron transport rate (µmolm−2 s−1)
Jmax Maximum electron transport rate (µmolm−2 s−1)
kL Leaf-speciﬁc conductance (mmolH2O m−2 leaf
areas−1 MPa−1)
Kb Extinction coefﬁcient for direct beam (–)
Kc Michaelis–Menten constant (µmolmol−1)
Ko Michaelis–Menten constant (mmolmol−1)
1L Layer leaf area index (m2 m−2)
oi O2 concentration (mmolmol−1)
Ra Aboveground plant resistance (MPasm2 leaf
areammol−1 H2O)
Rb Belowground resistance (MPasm2 leaf
areammol−1 H2O)
Rd Leaf respiration rate (µmolCO2 m−2 s−1)
Rnl Leaf net radiation (Wm−2)
Tl Leaf temperature (K)
τb Direct beam transmittance through a single layer,
exp(−Kb1L) (–)
τd Diffuse transmittance through a single layer (–)
Vcmax Maximum carboxylation rate (µmolm−2 s−1)
ψl Leaf water potential (MPa)
Soil variables
λEg Ground surface latent heat ﬂux (Wm−2)
Emax,j Maximum water uptake rate for soil layer
(mmolH2Om−2 ground areas−1)
εg Soil emissivity
1fj Fraction of roots in soil layer (–)
ft,j Fraction of transpiration supplied by soil layer (–)
gsoil Soil conductance for water vapor (molH2Om−2 s−1)
Gj Hydraulic conductivity of soil layer
(mmolH2Om−1 s−1 MPa−1)
Gsoil Soil heat ﬂux (Wm−2)
hg Fractional relative humidity at the soil surface (–)
Hg Ground surface sensible heat ﬂux (Wm−2)
kr,j Root-to-stem conductance of soil layer
(mmolH2Om−2 ground areas−1 MPa−1)
ks,j Soil-to-root conductance of soil layer
(mmolH2Om−2 ground areas−1 MPa−1)
κj Thermal conductivity of soil layer (Wm−1 K−1)
Lr,j Root length density of soil layer (mrootm−3 soil)
Mr,j Root biomass density of soil layer (gbiomassm−3 soil)
rs,j One-half the distance between roots in soil layer (m)
Rng Ground surface net radiation (Wm−2)
ρcj Volumetric heat capacity of soil layer (Jm−3 K−1)
Tg Ground surface temperature (K)
Ts,j Temperature of soil layer (K)
ψs,j Soil water potential of layer (MPa, or m)
¯ ψs Weighted soil water potential (MPa)
1zj Thickness of soil layer (m)
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